Human blood monocytes adhere rapidly and for prolonged periods to activated platelets that display P-selectin, an adhesion protein that recognizes a specific ligand on leukocytes, Pselectin glycoprotein-1. We previously demonstrated that P-selectin regulates expression and secretion of cytokines by stimulated monocytes when it is presented in a purified, immobilized form or by transfected cells. Here we show that thrombin-activated platelets induce the expression and secretion of monocyte chemotactic protein-1 and IL-8 by monocytes. Enhanced monokine synthesis requires engagement of P-selectin glycoprotein-1 on the leukocyte by P-selectin on the platelet. Secretion of the chemokines is not, however, directly signaled by P-selectin; instead, tethering of the monocytes by P-selectin is required for their activation by RANTES (regulated upon activation normal T cell expressed presumed secreted), a platelet chemokine not previously known to induce immediate-early gene products in monocytes. Adhesion of monocytes to activated platelets results in nuclear translocation of p65 (RelA), a component of the NF-kappaB family of transcription factors that binds kappaB sequences in the regulatory regions of monocyte chemotactic protein-1, IL-8, and other immediate-early genes. However, expression of tissue factor, a coagulation protein that also has a kappaB sequence in the 5' regulatory region of its gene, is not induced in monocytes adherent to activated platelets. Thus, contact of monocytes with activated platelets differentially affects the expression of monocyte products. 
Introduction
Myeloid leukocytes adhere to other cells and to extracellular matrix (ECM) 1 via surface adhesion molecules (1) . In human monocytes, a myeloid subset, engagement of adhesion molecules not only tethers the leukocyte but also induces intracellular signals, or modifies signals delivered through surface receptors (2, 3) . Adhesion of monocytes to ECM proteins via ␤ 1 integrins elicits specific patterns of messenger RNA for immediate-early (IE) gene products. When stimulated with a "second signal" such as bacterial LPS, monocytes translate these messages and synthesize proteins that influence inflammatory responses (4) . We recently reported a mechanism for regulation of monocyte gene expression when these leukocytes adhere to a protein on the surface of endothelial cells, rather than ECM proteins (3) . Adhesion of monocytes to purified P-selectin, a tethering molecule expressed by stimulated endothelial cells and platelets (5) , resulted in nuclear translocation of a transcription factor, NF-B (6, 7) , and secretion of NF-B-dependent cytokines when the monocytes were simultaneously exposed to platelet-activating factor (PAF) (3) . The receptor for PAF is a member of the serpentine, G-proteinlinked family (8) that can mediate NF-B activation when it is transfected into cells (9) . In our studies, PAF was a weak agonist for NF-B-dependent responses in monocytes unless they were adherent to P-selectin (3) . This finding, based on experiments in which P-selectin was immobilized in purified form or presented by transfected cells (3) , suggests that adhesion of monocytes to P-selectin integrates or amplifies signals delivered by the PAF receptor and, perhaps, by other receptors.
In vivo, activated endothelial cells and platelets translocate P-selectin to the surface from intracellular storage granules, and monocytes adhere to both cell types (10) (11) (12) . While endothelial cells express P-selectin on their surfaces transiently under most physiologic conditions, P-selectin on the surfaces of platelets is relatively stable and can sustain platelet-monocyte contact for hours (13) . However, it is not known whether binding of P-selectin glycoprotein ligand-1 (PSGL-1) (5, 14-16) on the monocyte to P-selectin presented on activated platelets influences nuclear signaling or chemokine generation by the leukocyte. This issue is important because these cells adhere to one another in numerous inflammatory and thrombotic disorders. Leukocytes accumulate around platelet-rich thrombi at sites of hemorrhage (17) and platelets colocalize with mononuclear phagocytes during the early stages of atherosclerosis (18) . Platelet-leukocyte aggregates are also found in the circulation and at the vascular wall after exposure to oxidized LDL or cigarette smoke (19, 20) and during thrombus formation (21) . Neutralization of P-selectin diminishes these interactions. Identification of functional alterations that are induced when monocytes bind to P-selectin on the surface of activated platelets may be required to understand inflammatory responses that accompany concomitant recruitment of platelets and leukocytes. Here we demonstrate that activated platelets induce secretion of monocyte chemotactic protein-1 (MCP-1) and IL-8 by monocytes, and that adhesion via P-selectin is required for these responses. Rather than directly triggering these events, P-selectin acts in concert with RANTES (regulated upon activation normal T cell expressed presumed secreted), a chemokine that is stored and released by activated platelets that was not previously known to induce monokine synthesis.
Methods
Reagents. HBSS and M199 (phenol red free) were from Whittaker M.A. Bioproducts (Walkersville, MD), and HSA (25%) was from Miles Laboratories, Inc. (Elkhart, IN). Fatty acid-free BSA, hirudin, LPS, PGE-1, polymyxin B sulfate, and thrombin were from Sigma Chemical Co. (St. Louis, MO). FCS was from Hyclone Inc. (Logan, UT).
P-Selectin was purified from human platelets and characterized as previously described (22) . F(ab Ј ) 2 fragments of mAb G1 and S12, which are directed against P-selectin (23) and have very low endotoxin contamination ( Ͻ 0.01 endotoxin U/ml), were generously provided by John Grayeb of Centocor Inc. (Malvern, PA). The monovalent Fab Ј fragments of mAb PL1 and PL2, which are directed against PSGL-1, were purified and characterized as recently described (16) . Recombinant human MCP-1, recombinant human IL-8, and polyclonal rabbit anti-human MCP-1 were from Genzyme Corp. (Cambridge, MA). Recombinant human RANTES was from Biosource International (Camarillo, CA). Anti-human IL-8 and neutralizing antibodies against RANTES, each containing endotoxin levels that were Ͻ 10 ng/mg as measured by the manufacturer, were from R&D Systems (Minneapolis, MN). Antibodies against p65 (RelA) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The anti-tissue factor (TF) antibody, TF8-5G9, has been previously described (24) .
Cell isolation. Human peripheral blood monocytes were isolated from healthy donors as described (25). Mononuclear cells were separated from whole blood by density gradient centrifugation, and monocytes were further purified (90-95%) by countercurrent elutriation (25).
Platelets were isolated using the methods of Hamburger and McEver (26) . In brief, human blood was drawn into acid-citrate-dextrose (ACD) (7 ml ACD/42 ml of blood) and was centrifuged (200 g for 20 min) to obtain platelet-rich plasma. Platelet-rich plasma was recentrifuged (500 g for 20 min) in the presence of 100 nM PGE-1. The supernatant was discarded and 50 ml of Pipes/saline/glucose (5 mM Pipes, 145 mM NaCl, 4 mM KCl, 50 M Na 2 HPO 4 , 1 mM MgCl 2 -6 H 2 O, and 5.5 mM glucose), containing 100 nM of PGE-1, was used to resuspend the platelet pellet. The platelet suspension was centrifuged (500 g for 20 min), the supernatant was discarded, and the platelet pellet was resuspended in Ca Studies of platelet-monocyte interactions. At the beginning of each experiment, platelets were pelleted by centrifugation (500 g for 20 min) and resuspended (10 8 platelets/ml unless designated otherwise) in serum-free M199 medium containing 10 g/ml of polymyxin B sulfate (except in experiments with LPS-stimulated monocytes). The suspensions were placed in sterile polypropylene round-bottomed centrifuge tubes (Becton Dickinson Labware, Lincoln Park, NJ) in the absence or presence of 0.25 U/ml of thrombin. After 30 min, hirudin (1 U/U thrombin) was added to inactivate thrombin (27) . Monocytes (10 6 /ml) then were added to the platelet suspensions, and the mixture was gently rocked for 18 h at 37 Њ C unless otherwise indicated. In some experiments, an aliquot containing 10 5 monocytes (10 7 platelets) was removed at the end of the incubation period for analysis of TF expression. The remaining cell suspensions were centrifuged at 15,000 g for 10 min, and the cell-free supernatants were collected and stored at Ϫ 70 Њ C for subsequent chemokine analysis. In selected studies, antibodies were added to the platelet or monocyte suspensions 5 min before the cells were coincubated.
Studies of monocytes adherent to immobilized P-selectin and to transfected cells that express P-selectin. Our assays of monocyte adhesion to immobilized P-selectin and control proteins, and to transfected and control cells, have been described, as have our assays of functional responses of adherent monocytes (3, 28) . Briefly, flat-bottomed 96-well microtiter plates (for TF analysis; Costar Corp., Cambridge, MA) or 16-mm plates (for cytokine analysis; Nunclon, Denmark) were incubated overnight at 4 Њ C with HBSS containing 10 g/ ml of HSA or P-selectin (1, 2, 5, or 10 g/ml). The plates were blocked with HSA (10 mg/ml in HBSS) for 4 h at 25 Њ C. The plates were washed twice with HBSS-0.05% Tween-20 and three times with HBSS. Monocytes (10 6 /ml), resuspended in serum-free M199 medium containing polymyxin B sulfate (10 g/ml), were added to the coated surfaces and maintained at 37 Њ C for the indicated times. We previously showed that monocytes adhere specifically to immobilized P-selectin under these conditions (3, 28) . After incubation the medium overlaying the monocytes was aspirated and centrifuged at 15,000 g for 10 min, and the cell-free supernatants were stored at Ϫ 70 Њ C for subsequent analysis of chemokines. In selected studies, monocytes were allowed to adhere to Chinese hamster ovary (CHO) cells transfected with cDNA for P-selectin or to wild-type CHO cells (29) , and assays were conducted as described above. In parallel experiments, TF was measured in the 96-well plates as described below.
TF assays. TF activity was measured using the two-stage amidolytic assay described by Drake et al. (30) . In selected experiments, the results from this method were verified using minor modifications of a single-stage amidolytic assay (31) or a single-stage plasma coagulation assay (32) . Negative (HBSS) and positive (LPS, 100 ng/ml) controls were included routinely. The assays were proportional to the monocyte numbers in this range, and activity was inhibited by TF8-5G9, an antibody that blocks TF activity (not shown).
Cytokine and PAF assays. Concentrations of MCP-1 were measured by ELISA as described previously (3), and concentrations of RANTES and IL-8 were measured using the same ELISA procedure. All ELISAs were specific and did not cross-react with one another or with other cytokines or chemokines (GM-CSF, TNF-␣ , or MIP-1 ␣ ). PAF accumulation was determined by quantitation of the incorporation of [ Immunocytochemical detection of p65 (RelA) in platelet-monocyte suspensions. Immunolocalization of p65 (RelA) was determined in platelet-monocyte suspensions using methods previously described for monocytes adherent to purified, immobilized P-selectin (3), with minor modifications. Monocytes were incubated in suspension alone or with platelets as described above. After 2 h, the cell suspensions were spun onto glass slides using a centrifuge (Cytospin 2; Shandon Inc., Pittsburgh, PA) and immediately fixed with 4% paraformaldehyde at 25 Њ C for 20 min. After this fixation procedure, immunocytochemical analysis was conducted using a rabbit polyclonal IgG against p65 or rabbit IgG (1 mg/ml) in PBS and 1% goat serum. The peroxidase-stained monocytes were viewed with a light microscope (Carl Zeiss, Inc., Thornwood, NY) using Nomarski interference optics. We previously showed that this assay detects shifts of p65 from the cytoplasm of resting monocytes to the nucleus upon cellular activation. Translocation of the p50/p65 complex (NF-B) mea-sured by electrophoretic mobility shift assay parallels nuclear accumulation of the anti-p65 antibody by immunocytochemical analysis (3) .
Expression of data and statistics. Experiments were performed at least two times with cells from different donors, and all assays were performed in duplicate. The means Ϯ SE from all experiments are presented where indicated. Representative experiments are shown in some cases because we observed significant interassay variation in cytokine release by monocytes from different donors. Adherence assays were rounded to the nearest percentage. ANOVA was used to determine differences among the groups. If significant differences were found, a Newman-Keuls post hoc procedure was used to determine the location of the difference. P Ͻ 0.05 was considered statistically significant.
Results
Activated platelets adhere to monocytes and induce MCP-1 secretion. Consistent with previous reports, we found that mixing monocytes with platelets that were activated by thrombin resulted in adhesion between the two cells. Activated platelets formed "rosettes" around the monocytes, and platelet-monocyte rosettes were routinely observed throughout the cell suspension (see below). Many of the cell clusters contained several monocytes. We then determined whether the adherent platelets induced chemokine release by monocytes, using MCP-1 as the marker (Fig. 1 A ) . Monocytes did not release MCP-1 under basal conditions (not shown), and there was little or no secretion of MCP-1 ( Ͻ 0.1 ng/ml) when monocytes were incubated without stimulation. Similarly, direct addition of thrombin inactivated with hirudin did not induce MCP-1 secretion, consistent with a previous report (33) . There was a small increase in MCP-1 production ( Fig. 1 A ) in experiments where monocytes were incubated with unstimulated platelets. These small increases may have been due to spontaneous activation of the platelets with longer ex vivo incubation periods (34) . In contrast, platelets activated by thrombin induced significant ( P Ͻ 0.01) release of MCP-1 compared with levels found when monocytes were incubated in the absence of platelets or with unactivated platelets. This increase was seen in seven independent experiments, although the magnitude varied among donors (range 0.65-9.80 ng/ml of MCP-1). The secretion of MCP-1 was dependent on time ( Fig. 1 B ) and platelet concentration, where platelet-monocyte ratios of 100:1 (platelets/monocyte) yielded maximal cytokine secretion (not shown).
Adhesion of activated platelets via P-selectin is necessary for maximal MCP-1 release by monocytes.
We assessed thrombinactivated platelets by flow cytometry and found that there was increased surface expression of P-selectin compared with unactivated platelets, as previously reported (10, 26, 35) . Further, removal of Ca 2 ϩ from the incubation buffer inhibited the adhesion of activated platelets to monocytes and also blocked the secretion of MCP-1 (not shown), consistent with a selectinmediated effect (11). These results suggested that P-selectin was required for the platelet-induced monokine secretion. Therefore, we examined the effect of antibodies to P-selectin, and to its ligand, PSGL-1, on MCP-1 secretion when activated platelets interact with monocytes.
Neutralization of P-selectin inhibits MCP-1 release. The F(ab Ј ) 2 fragment of a blocking mAb to P-selectin, G1 (23), significantly attenuated MCP-1 secretion in platelet-monocyte mixtures (Fig. 2) . In contrast, the F(ab Ј ) 2 fragment of mAb S12, a nonblocking control antibody that also recognizes P-selectin, had no effect (Fig. 2) . G1, but not S12, also inhibited platelet-monocyte rosetting, as previously reported (26) . These experiments indicated that adhesion of platelets to monocytes via P-selectin is required for maximal MCP-1 release.
Neutralization of PSGL-1 inhibits MCP-1 secretion. Although P-selectin binds to a variety of natural and synthetic structures (5, 36, 37) , a preferred ligand is PSGL-1, a sialomucin that is constitutively present on monocytes and other myeloid leukocytes (14) (15) (16) 38) . PL1, a previously described mAb, recognizes PSGL-1 and blocks its binding to P-selectin (16) . Because PSGL-1 is present on certain leukocyte subsets but does not bind P-selectin (for review see reference 5), we first examined the effects of PL1 on adhesion of monocytes to transfected cells that display P-selectin. We found that PL1 inhibits monocyte adhesion to CHO cells expressing P-selectin, whereas PL2, a nonblocking mAb that recognizes PSGL-1 (16), does not (not shown). Thus, PSGL-1 on monocytes is functional and mediates adhesive interactions. We next examined these antibodies in platelet-monocyte interactions. We found that the Fab Ј fragment of mAb PL1 inhibited plateletmonocyte rosetting (not shown) and MCP-1 secretion by monocytes (Fig. 3) . The Fab Ј fragment of PL2 did not inhibit these responses (not shown).
Activated platelets induce translocation of NF-B in monocytes. Nuclear translocation of NF-B, a heterodimeric transcription factor composed of proteins of the Rel family (6, 7) , is required for MCP-1 expression (39). The p50-p65 heterodimer, commonly known as NF-B, is located in the cytoplasm of unstimulated monocytes; with appropriate stimulation, it is rapidly translocated to the cell nucleus, where it binds to B sequences in the promoter and enhancer regions of several IE genes (3, 7). We first examined the distribution of NF-B in resting monocytes and in monocytes incubated with activated platelets using an electromobility shift assay (3). Activated platelets induced nuclear accumulation of NF-B in this analysis (not shown). We then examined the distribution of NF-B in platelet-monocyte interactions using an antibody directed against the p65 subunit (RelA). In suspensions containing monocytes alone, p65 was primarily localized in the cell cytoplasm (Fig. 4 A ) . The addition of unactivated platelets to monocyte suspensions caused no change, or a small increase, in p65 nuclear localization (Fig. 4 B ) . However, when activated platelets were added, there was intense staining of p65 in the nuclei of monocytes (Fig. 4 C ) , and monocyte nuclei appeared more condensed. As described above, platelets readily adhered and rosetted around the monocytes, and aggregates containing multiple monocytes formed. These aggregates, and nuclear translocation of p65, were inhibited when mAb G1 (Fig.  4 D ) or the Fab Ј fragment of mAb PL1 (not shown) was added to the cell suspensions. The control antibodies, S12, and PL2 did not attenuate p65 translocation to the nucleus or the formation of platelet-monocyte aggregates (not shown). This demonstrates that cell-cell contact was necessary for NF-B translocation (Fig. 4) , just as for MCP-1 release (Fig. 2) . In support of this conclusion, we found that supernatants from activated platelets did not induce NF-B translocation in monocytes (not shown) or release of MCP-1 ( Ͻ 0.1 ng/ml; compare to Fig. 1) .
P-Selectin does not directly induce MCP-1 secretion. The results at this point demonstrated that adhesion via P-selectin was required for platelet-induced generation of MCP-1 by monocytes. To determine if P-selectin was sufficient-that is, if it acted as a signaling molecule that did not require other factors (40)-we examined MCP-1 release from monocytes adherent to purified P-selectin or to transfected cells that express P-selectin. While we previously reported that adhesion of monocytes to P-selectin did not induce chemokine secretion without addition of PAF, it was possible that platelets present P-selectin at higher densities than those we used previously (3). Therefore, P-selectin immunopurified from platelets was immobilized on plastic surfaces in increasing concentrations, and monocyte adhesion and MCP-1 release were measured in parallel. We found that increasing the concentration of P-selectin used to coat the plates above levels required for maximal adhesion did not induce MCP-1 release from the adherent leukocytes (Fig. 5) . Similarly, increasing the site densities of P-selectin expressed in CHO cell lines did not induce MCP-1 secretion by adherent monocytes (not shown). These results are consistent with our previous studies and indicate that, Figure 2 . An antibody against P-selectin inhibits MCP-1 release by monocytes incubated with activated platelets (Plts). Platelets (10 8 /ml) were activated with thrombin as described in Fig. 1 . 5 min before the addition of monocytes (10 6 /ml), F(abЈ) 2 fragments of mAb G1 (10 g/ ml), which blocks P-selectin-mediated adhesion, or the F(abЈ) 2 fragments of mAb S12 (10 g/ml), which binds P-selectin but does not alter adhesive interactions, were added to the platelet suspensions. After 18 h, MCP-1 secretion by monocytes was quantitated. This figure represents the meanϮSE of five experiments that showed decreased MCP-1 secretion in the presence of G1. /ml) were activated with thrombin as described in Fig. 1 . 5 min before mixing activated platelets with monocytes (10 6 /ml), the FabЈ fragment of mAb PL1 (10 g/ml) was added to the monocyte suspension. After 18 h, MCP-1 secretion by monocytes was quantitated. The figure represents the meanϮSE of three experiments.
whereas binding of P-selectin to PSGL-1 is a key event when activated platelets induce chemokine secretion by monocytes (Figs. 2 and 3) , the platelets must also present one or more signaling molecules to elicit this response.
PAF does not account for signaling of MCP-1 secretion when activated platelets interact with monocytes. PAF, a phospholipid, is synthesized by activated human platelets under some conditions (41) . Therefore, we examined the possibility that PAF is the signaling molecule presented by activated platelets. However, we were unable to detect PAF production, either cell associated or secreted, by thrombin-stimulated platelets after 30 min (not shown). This is consistent with the observation that accumulation of PAF is minimal and transient in activated platelets unless the intracellular degrading enzyme, PAF acetylhydrolase, is first inhibited (41) . PAF production was not increased when monocytes were incubated with thrombin-stimulated platelets. We considered the possibility that PAF, which is capable of eliciting biological effects at subnanomolar concentrations, was being synthesized at levels below those detected by our metabolic labeling assay. However, WEB 2086, a specific competitive antagonist for the PAF receptor, did not inhibit MCP-1 secretion (1.2% decrease). Finally, addition of exogenous PAF to platelet-monocyte aggregates augmented release of MCP-1 over that induced by the activated platelets alone (twofold), suggesting that the monocyte PAF receptor had not been desensitized by PAF generated by the platelets.
RANTES is released by activated platelets and regulates MCP-1 secretion by monocytes. RANTES, a CC chemokine that was originally detected in activated T lymphocytes (42) , is stored and secreted from platelets stimulated with thrombin (43) . There is a cell surface receptor for RANTES on monocytic cells (8, 44) . Therefore, we explored the role of this chemokine as a platelet-derived signal for monocytes. We found that RANTES was present in substantial amounts in the supernatants from activated platelets (1.6Ϯ0.6 vs 16.4Ϯ4.9 ng/ ml, platelets and activated platelets, respectively). Further, we found that a neutralizing antibody against RANTES significantly attenuated MCP-1 release in platelet-monocyte suspensions (Fig. 6 ). An isotype-matched control antibody did not inhibit MCP-1 secretion (not shown). The antibody to RANTES also inhibited nuclear translocation of p65, but did not block Figure 4 . Activated platelets stimulate the translocation of p65 from the cytoplasm to the nucleus of monocytes. Monocytes were incubated in suspension for 2 h in the presence of (A) control buffer, (B) inactivated platelets, (C) activated platelets, or (D) activated platelets and the F(abЈ) 2 fragment of mAb G1 (10 g/ml). In parallel incubations, the F(abЈ) 2 fragment of mAb S12 (10 g/ml) did not inhibit the formation of platelet-monocyte aggregates or nuclear translocation of p65 (not shown). Slides were prepared as described in Methods, and immunolocalization of p65 (brown stain) was examined using light microscopy with Nomarski interference contrast optics. Representative fields from a single experiment are shown. Three additional experiments yielded similar results.
the formation of platelet-monocyte aggregates in activated platelet-monocyte suspensions (not shown). Thus, RANTESinduced signaling is downstream of the binding event.
P-Selectin and RANTES act in concert to induce MCP-1 secretion.
Although high levels of RANTES were present in the supernatants from thrombin-stimulated platelets, addition of these supernatants did not enhance MCP-1 release by monocytes in suspension (Ͻ 0.1 ng/ml). Likewise, recombinant human RANTES (rhRANTES), at concentrations up to 100 ng/ ml, had no appreciable effect on MCP-1 production by monocytes in suspension (0.13Ϯ0.01 ng/ml). Therefore, we asked if P-selectin and RANTES could cooperatively induce MCP-1 secretion. Monocytes were allowed to settle onto plates coated with albumin or P-selectin, rhRANTES was added, and MCP-1 release was measured. RANTES, at concentrations similar to those found in activated platelet supernatants, induced MCP-1 secretion from monocytes incubated on immobilized P-selectin but not those incubated on albumin (Fig. 7) . Adhesion of monocytes to fibronectin, a protein that, like albumin, is present on the surface of stimulated platelets (45), did not potentiate MCP-1 release in response to rhRANTES (not shown).
When P-selectin was presented to monocytes on the surface of a heterologous cell, RANTES also induced MCP-1 release. Monocytes adherent to transfected CHO cells that expressed P-selectin secreted MCP-1 in response to rhRANTES (not shown), but those incubated on wild-type CHO cells did not. These results indicate that P-selectin and RANTES act in concert to induce MCP-1 release and may be one mechanism by which activated platelets induce monokine synthesis.
Activated platelets induce a specific pattern of responses in monocytes. NF-B is reported to act cooperatively with other transcription factors (46) , and p65 can form homo-or heterodimers that have distinct transcriptional properties (6, 7) . Therefore, we examined the expression of other gene products besides MCP-1 when activated platelets signal monocytes. We chose IL-8 and TF, two genes that contain B-like binding sites in their promoter regions (47, 48) .
Activated platelets induce IL-8 secretion by monocytes. IL-8, a C-X-C chemokine, is a potent neutrophil chemoattractant released by stimulated monocytes and other cells (49) . We found that monocytes alone, or those treated with thrombin neutralized with hirudin, secreted very low levels of IL-8 (Fig.  8) . The addition of unstimulated platelets increased IL-8 production slightly, similar to small increases that were observed when we measured MCP-1 secretion (Fig. 1 A) . In contrast, the addition of activated platelets induced marked increases in IL-8 release (Fig. 8) . Increased IL-8 secretion was attenuated or blocked by antibodies directed against P-selectin (Fig. 8) and PSGL-1 (not shown) in five independent experiments.
We found that increased IL-8 secretion was induced when monocytes adherent to purified, immobilized P-selectin were stimulated with rhRANTES (not shown). In contrast, those incubated on control surfaces coated with albumin or fibronectin Figure 5 . P-Selectin does not induce MCP-1 secretion. Increasing concentrations of purified, immobilized P-selectin from platelets were placed on plastic surfaces, and monocyte adhesion and MCP-1 release were measured after 18 h. This figure is representative of two experiments. Figure 6 . Anti-RANTES blocks MCP-1 release when activated platelets signal monocytes. Monocytes were incubated with platelets in the presence, or absence, of an antibody against RANTES (40 g/ml) for 18 h. MCP-1 in the conditioned medium was then quantitated by ELISA. This figure represents the meanϮSE of five experiments. Figure 7 . Adhesion of monocytes to immobilized P-selectin enhances MCP-1 secretion in response to RANTES. Monocytes were allowed to adhere to purified, immobilized P-selectin from platelets (2 g/ml) or albumin (10 g/ml) in the absence or presence of RANTES (10 ng/ ml). MCP-1 secretion was measured in the cell-free supernatants after 18 h. This figure represents the meanϮSE of three experiments.
released background levels of the chemokine. Consistent with these results, release of IL-8 into mixtures of monocytes and activated platelets was inhibited by an antibody to RANTES (not shown).
Activated platelets do not elicit TF activity on monocytes.
Blood coagulation is initiated through the action of TF, an integral membrane protein that is induced on the surface of activated monocytes in response to LPS (50), certain cytokines (51, 52), or immune complexes (53). Using a two-stage amidolytic assay, we found that activated platelets did not induce monocyte TF activity (Fig. 9 ) even though these cells robustly secreted MCP-1 and IL-8 in parallel (not shown). Although platelets had no effect, LPS significantly (P Ͻ 0.05) increased TF expression by monocytes, indicating that the leukocytes were responsive to appropriate stimuli (Fig. 9) . When TF activity was measured in parallel experiments using a singlestage plasma coagulation assay (n ϭ 3) or a single-stage amidolytic assay (n ϭ 6), activated platelets did not significantly enhance TF expression. We also found that monocytes adherent to increasing concentrations of purified, immobilized P-selectin did not express increased TF activity after an 18-h incubation compared with activity in cells incubated on albumin (not shown). Similar results were seen with 4-and 8-h incubations. The addition of rhRANTES (up to 100 ng/ml) did not enhance surface TF activity on monocytes (not shown).
Discussion
In this report we describe a tethering and signaling system in which adhesion of activated platelets to monocytes induces nuclear translocation of NF-B and secretion of MCP-1, a chemokine that requires NF-B for its synthesis (39) . Binding of P-selectin on the platelet to PSGL-1 on the monocyte is required for MCP-1 secretion. This molecular interaction mediates rapid, stable adhesion between the two cells (13) . However, it is not sufficient to induce chemokine secretion, as shown by experiments in which monocyte adhesion to purified P-selectin or to P-selectin transfectants failed to trigger release of MCP-1. This finding indicates that one or more signaling molecules is required. In these respects, the interaction between activated platelets and monocytes resembles leukocyte-endothelial cell interactions, where distinct tethering and signaling factors are involved (1, 5, 54) . In the tethering and signaling interaction between platelets and monocytes, RANTES, which is stored in platelet secretory vesicles and released upon cellular activation (43) , provides a critical signal for MCP-1 generation by the leukocytes. P-Selectin binding to PSGL-1 may facilitate monocyte activation not only by mediating close cell-to-cell contact but also by modifying intracellular signals triggered through the receptor for RANTES. Monocyte interactions with ECM, where ligation of surface integrins initiates tran- Figure 8 . Activated platelets (Plts) enhance IL-8 production by monocytes, and this response is attenuated by neutralizing P-selectin. Monocytes were incubated with platelets as previously described in the presence of buffer, the F(abЈ) 2 of mAb G1 (10 g/ml), or the F(abЈ) 2 of mAb S12 (10 g/ml). After 18 h, IL-8 secretion by monocytes was quantitated. This figure represents the meanϮSE of five experiments that showed increased IL-8 secretion by monocytes exposed to activated platelets. Figure 9 . Activated platelets (Plts) do not induce TF activity on the surface of monocytes. Monocytes were incubated with buffer, platelets, activated platelets, or LPS (100 ng/ml) as described in Fig. 1 . After 18 h, TF activity was measured using the two-stage amidolytic assay (30) . The data are expressed as activity equivalent to x pM of purified TF. This figure represents the meanϮSE of three independent experiments.
scription of IE genes but the action of a signaling molecule is required for full synthesis and release, has similar features (4) .
Several studies, in addition to our current experiments, demonstrate that platelets activated by thrombin avidly adhere to leukocytes via P-selectin (10, 26, 55) . As in stimulated endothelial cells, P-selectin is translocated from intracellular granules to the plasma membranes of stimulated platelets (26, 35, 56) . In contrast to stimulated endothelial cells, where thrombin elicits transient expression of P-selectin (1, 23, 57) , stimulated platelets express P-selectin on their surface for several hours (58, 59) . Moreover, the surface density of P-selectin on platelets is higher than its density on endothelial cells (35, (55) (56) (57) . These features may enable platelets to adhere to effector leukocytes for prolonged periods at sites of inflammation or thrombosis (13) . P-Selectin presented by platelets not only mediates cellcell contact but modifies, and may directly induce, functional responses in leukocytes. Nagata and co-workers (60, 61) reported that thrombin-stimulated platelets cause superoxide anion generation by neutrophils and monocytes, and Yeo et al. (55) found that neutrophils shed L-selectin, upregulate MAC-1 (␣ M / ␤ 2 integrin), and polarize when they adhere to activated platelets. In these reports the leukocyte responses were inhibited by antibodies directed against P-selectin, but the experiments did not examine the possibility that other factors expressed by activated platelets signal the responses and that tethering by P-selectin is necessary, but not sufficient, for the signaling. Our previous studies examining the effects of purified P-selectin on activation responses of neutrophils (62) (63) (64) and monocytes (3, 12) , together with our current observations, indicate that the latter mechanism is more likely. We found that activated platelets induce MCP-1 secretion by monocytes through mechanisms that involve interactions between P-selectin and its critical ligand, PSGL-1. However, P-selectin did not directly induce MCP-1 secretion, indicating that other factors were involved. We evaluated PAF, which was a likely candidate based on our earlier experiments (3), as the plateletderived signaling molecule. However, we did not find evidence for its participation under the conditions of these experiments. Instead, our experiments indicated that critical signals are delivered by RANTES. RANTES was released from platelets stimulated with thrombin and induced chemokine secretion from monocytes adherent to purified P-selectin. RANTES is known to be a chemoattractant for monocytes (65, 66) and to stimulate [Ca 2ϩ ] i transients in these cells (67) . High concentrations of RANTES (1 M) can also induce IL-2 and IL-5 production by lymphocytes (68) . However, RANTES was not previously known as an agonist for chemokine gene expression in monocytes. It is possible that it induces this response only under restricted conditions and that adhesion to P-selectin is one of these; platelet supernatants containing RANTES did not induce chemokine secretion from monocytes in suspension, and rhRANTES, at concentrations similar to those found in platelet supernatants (1-10 nM), failed to induce chemokine release from monocytes incubated on control surfaces. While RANTES is secreted from activated platelets and may have acted in solution, it is also possible that some of the secreted factor associated with the surfaces of the platelets and activated the monocytes in a juxtacrine fashion similar to PAF-induced responses at the surface of endothelial cells. Other chemokines, such as platelet factor 4, bind to proteoglycans isolated from human platelets (69) . Recent evidence also indicates that RANTES binds to cellular surfaces (66) , consistent with the notion that chemokines may act as juxtacrine signals when localized by this mechanism (for review see reference 40).
Our finding that RANTES robustly stimulated monocytes that were adherent to P-selectin but not when they were adherent to control surfaces is similar to our earlier result with PAF (3). The receptors for RANTES and PAF are both members of the serpentine G-protein-linked family (8) , suggesting that engagement of PSGL-1 on monocytes specifically influences intracellular pathways linked to receptors of this class. The mechanisms of such intracellular integration (3, 54) are as yet unknown. It is also unknown whether potentiation of signaling occurs through other classes of receptors.
The synthesis and secretion of certain chemokines and other IE gene products is influenced by the NF-B/Rel family of transcription factors (6, 7, 70) . Little is known about NF-B regulation when cells adhere to one another. LalmanachGirard et al. (71) found that activated, fixed T cells induced NF-B activity in the nucleus of B cells using electromobility shift assays. Here we show that specific adhesive interactions between living cells cause nuclear localization of Rel proteins. We found that monocytes, alone or incubated with resting platelets, had little detectable p65 in their nucleus. In contrast, monocytes adherent to activated platelets had robust nuclear immunolocalization of p65. Neutralization of P-selectin or PSGL-1 inhibited platelet-monocyte aggregation and nuclear translocation of p65. These maneuvers also inhibited secretion of MCP-1, which contains a prototypic B recognition sequence for p50-p65 (39) . However, when we examined two other factors that are coded for by genes with B-regulatory sequences, IL-8 and TF (47, 72) , only IL-8 was generated. Like TF, we also found that another NF-B dependent gene, TNF-␣, was not induced in monocytes by activated platelets. This indicates that there is differential expression of Rel-responsive gene products when activated platelets signal monocytes. One way in which activation of specific genes targeted by Rel transcription factors may be accomplished is by preferential binding of individual Rel heterodimers to specific B sequences (47, 73) . For example, p65 can pair with cRel, another family member, to form a potent transacting factor with effects different from p50-p65 complexes (6, 7). Our immunocytochemical assay does not distinguish between translocation of cRel-p65 and p50-p65 since we used an antibody to the p65 subunit. However, both TF and IL-8 have B sequences in their regulatory regions that favor binding of cRel-p65 (47, 72) , so this feature alone does not account for differential expression of IL-8 vs TF in our experiments. We are currently exploring other mechanisms, both transcriptional and translational, that may be involved when adherent monocytes are stimulated by signaling molecules such as RANTES. The combinatorial effects of activation through specific surface receptors for these factors, and signal modification by adhesion to P-selectin, may be key regulatory mechanisms leading to particular patterns of gene expression. Variations in combinatorial signaling may also account for the differences in our findings and those of Celi et al. (74) , who reported that P-selectin enhances TF expression by monocytes under some conditions. However, even in that report the increase of TF expression induced by P-selectin was very modest relative to the level induced by LPS, a strong signal for its induction.
P-Selectin likely has complex roles in inflammatory syndromes where leukocytes adhere to activated platelets. Using a vascular shunt model to study thrombosis, Palabrica et al. (21) demonstrated that neutralization of P-selectin inhibits leukocyte accumulation and fibrin deposition in the shunt. Ox-LDL and cigarette smoke, two factors that accelerate the development of evolving atherosclerotic lesions (70) , also enhance platelet-leukocyte interactions. These interactions are inhibited by blocking P-selectin (19, 20) . Our results indicate that P-selectin, expressed on the surface of platelets, can regulate chemokine synthesis by monocytes in concert with RANTES, a preformed chemokine not previously known to induce cytokine synthesis. In specific situations, P-selectin may cooperate with other platelet-signaling factors to alter leukocyte function (75) . Indeed, platelet-released fibrinogen can bridge GPIIb/ IIIa on platelets with CD11c/CD18 on neutrophils, an interaction that generates a neutrophil oxidative burst (76) . This process requires adhesion via P-selectin, further indicating that P-selectin may act in concert with platelet-signaling factors (75) and with other adhesion molecules (75, 77, 78) to elicit unique patterns of gene expression at sites of inflammation.
